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Abstract

We propose the model describing the observed multiple fast radio bursts due to
the close encounters and collisions of neutron stars in the central clusters of the
evolved galactic nuclei. The subsystem of neutron star cluster may originate in
the dense galactic nucleus evolutionary in the combined processes of stellar and
dynamical evolution. The neutron stars in the compact cluster can produce the
short living binaries with the highly eccentric orbits, and finally collide after
several orbital revolutions. Fast radio bursts may be produced during the close
periastron approach and at the process of the final binary merging. In the
sufficiently dense star cluster the neutron stars collisions can be very frequent.
Therefore, this model can explain in principle the observed recurrent (multiple)
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fast radio bursts, analogous to the observed ones from the source FRB 121102.
Among the possible observational signatures of the proposed model may be the
registration of the gravitational wave bursts by the laser interferometers
LIGO/VIRGO or by the next generation of gravitational wave detectors.

1. Introduction

In the recent years, the enigmatic fast radio bursts (FRBs) were
observed [1-8]. Nowadays, the physical nature of these bursts is quite
unknown. The numerous models were proposed for explanation of the
FRBs. In particular, the bursts in magnetars [9, 10], the giant impulses
from the young rapidly rotating pulsars [11], the gravitational collapses
of neutron stars to black holes [12], the impact of a supernova shock on
the magnetosphere of a neutron star [13], collisions of asteroids and
comets with neutron stars [14], collisions of axion miniclusters with
neutron stars [15], [16] or explosive decay of axionic miniclusters [17],
binary collisions of neutron stars [18-21], collapse of the magnetospheres
of Kerr-Newman black holes [22], and even the activity of extraterrestrial

civilizations [23] were presented as possible explanations.

Besides the solitary FRBs it was registered the source FRB 121102,
generating the multiple recurrent FRBs [24, 25]. This source was
associated with the galaxy at the red-shift z ~ 0.2 [26]. This galaxy
reveals no activity and the source of FRBs is shifted possibly from the
galactic center. Other observations, including the VLA, demonstrate the
coincidence of FRB 121102 with the permanent radio-source of the size
less then 1 pe and, is possibly related with the host galactic nuclei of low-
activity [27], [28]. If FRB 121102 doesn’t represent some exceptional case,
the crucial feature of the FRBs phenomenon is, therefore, their unusual
recurrence. The possible model for explanation of the recurrent FRBs is
the close encounters of asteroids with the strongly magnetized neutron
star [29] or repeated accretion and bursts in the neutron star-white dwarf
binary [30].
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Sometimes it was claimed that it is impossible to explain the multiple
FRBs in the models with collision events because the source is destroyed
and collisions do not repeat. Nervelessness, in this work, we propose the
model of the recurrent FRBs from the binary collisions of neutron stars in
the central clusters of stars in the galactic nuclei. The recurrence is
inevitable if collisions take place in the dense central stellar clusters of
the galactic nuclei, containing large fraction of neutron stars. In this
case, it is possible to explain not only the few FRBs events from the same
source, but also the prolonged recurrence of FRBs. The coherent radio

emission from the collisions of neutron stars was considered in [31-33].

Neutron star clusters in the galactic nuclei may evolutionary
originate in the combined processes of stellar and dynamical evolution
[34-36]. During this evolution, the most massive stars settle down close to
the cluster center (mass segregation) and finally transform to the
neutron stars and black holes. In result, the cores of the central clusters
in some galactic nuclei consist of neutron stars and black holes. The
subsequent random collisions of these star remnants provides the
growing accumulation of massive black holes in the galactic nuclei. This
process, in particular, may provide the formation of black holes with

mass ~ 30M, responsible for the generation of the observed

gravitational wave signal by the LIGO detector during coalescence of two
black holes [37]. Note that in the hierarchic scenario of galaxy formation
the dense neutron star cluster may be situated beyond the galactic center

due to the galaxies merge.

The recurrent collisions of neutron stars in the evolved stellar cluster
were considered, in particular, in [38-41]. For generation of the FRBs, it
1s not necessary the direct neutron star collision. Instead of, it is
sufficient even close encounter of magnetized neutron stars providing the
interaction of their magnetospheres, accompanied by the generation of

FRBs (e.g., due to the reconnections of magnetic field lines).
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2. Central Stellar Clusters in the Galactic Nuclei

The star clusters in the galactic nuclei may contain the large fraction
of compact stellar remnants in the form of neutron stars and stellar mass
black holes, which form the compact central subclusters [34-36, 42].
Coalescences and collisions of these compact stellar remnants may
generate in principle the highly energetic events, in particular, in the
form of gravitational waves and FRBs.

Let us consider the stellar system with a mass M and virial radius R,
consisting of the mixture of N >1 neutron stars and stellar mass black

holes. For simplicity and brevity, we will call this multicomponent stellar

cluster as the “neutron star cluster”. The velocity dispersion of stars in
this cluster is v~(GM / 2R)1/ 2 The dynamical evolution of the dense

stellar cluster proceeds mainly due to the pair relaxation. The

characteristic time of binary relaxation is
1/2 3
2 v
4G m~nA
where A = In(0.4N) is the Coulomb logarithm, and m is the stellar mass.
The stars are “evaporated” from the core of the cluster, producing the
extensive near isothermal “atmosphere” around the central core. The
remained core of the cluster is secularly contracting, and the velocity
dispersion of stars is growing.
In the homological approximation, the core mass M, and the core

radius R, of the stellar cluster evolve as
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In this equation denotes the initial values, v; = 20y / (Tag — 30),
Vg = 2(20(2 - Otl)/('?(lg - 3@1), R = 2/(70(2 - 3@1), where oy = 8.72 x 10_4
and oy =1.24x10° [43]. The quantity ¢, = at,; ~ 330t,; is the

evolution time of the cluster. Note that in the pure evaporative model
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to ~ 40t, ;, see, e.g., [44]. Therefore, the cluster contracted with time,

and the rate of (neutron) stars collisions should increase steadily until
the relativistic stage. Finally, the avalanche contraction and final
relativistic gravitational collapse of the cluster are possible [43-46].
Additionally, the dissipative effects due to direct stellar collisions
increase the contraction rate of the core. But the rate of the clusters

entrance to the dissipative stage requires additional research.

3. Rate of FRBs Generation

The FRBs rate is estimated to be ~ 10* event per day from all sky,

which corresponds to ~ 2 - 104year_1Gpc_3 from the distances < 3.3 Gpc
(red-shifts z < 1) [18, 19]. This is consistent with optimistic scenario of
neutron star collision in galactic binary systems, while more realistic
scenarios give ~ 10° yearflecf?’ for the collision rate [18]. The accurate

intensity distribution function of FRBs was presented in [47]. Now we

will estimate the possible neutron star merge rate in clusters.

We consider the case of the neutron star cluster without the central
supermassive black hole (the opposite case was considered, e.g., in [38]).
The close approach of two neutron stars is accompanied by the loose of
kinetic energy due to the radiation of gravitational wave, which can be
enough for the formation of the gravitationally bound short-lived neutron

star binary [43]. The cross-section for the formation of the binary is [43]

3 NETL
Ocap ® g nrg2 (;) ) 3)

where 1, = 2Gm/ ¢2, and m is the neutron star mass. The corresponding

rate of the neutron star collisions in the cluster is

. 17/7
N, = %Nnccap(\@v) ~ 9&(%) <, )
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where N = M/m, and n =3N/(4nR?). The mean rate of FRB is

M 17/14 -31/14 n
I;Lc = Ncngfc ~3.4 % 104 6 ( J [%J
10° M, 2x10"*pc 10" ?Mpc ™

x (lg‘izj yr Gpe 3, (5)

where n, 1s a mean number density of galaxies in the universe, and f, is

the fraction of the galaxies containing the dense neutron stars clusters.
With these normalization factors one has ~ 0.3 events per cluster per

year. So, the Equation (5) could easily be at the observable level.

However the rate of neutron star collisions may be even larger in
more dense clusters, because we expect some distribution of clusters over
their parameters. In addition to the clusters producing the mean rate (5),
there are clusters which can produce more frequent (recurrent) bursts
similar to FRB 121102. These are the clusters close to the relativistic

stage of evolution, described in the Section 2. For these clusters, one has

u 17/14 B -31/14
N, =~2.6x 102 5 [ — J yr_l, (6)
10° M 10 pc

and the Schwarzschild radius of this cluster is 2GM /c2 ~10"pec < R.

Therefore, the multiple FRBs can also be explained by this model.

After the capture into the pair the resulting orbit of the neutron star
is highly elongated. At each successive approach of neutron stars in the
binary, the interaction of their magnetospheres with the generation of
FRBs is possible. Therefore, even for the binary interaction of neutron

stars it is possible the generation of additional recurrent FRBs.
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4. Other Observational Signatures of
Neutron Stars Coalescences

Let us discuss briefly the possible consequences of neutron stars
collisions in the evolved stellar clusters (some of them were discussed
earlier in [41]). In our earlier paper [41], the model of the neutron star
collisions was appropriated to the description of the avalanche process of
the neutron star cluster contraction for explanation of the super-long
gamma-ray burst Swift J164449.3+573451 [48]. This gamma-ray burst
demonstrates the activity during few days. However, nowadays the most
popular explanation of this gamma-ray burst event is a tidal disruption

of some star in the vicinity of the central supermassive black hole.

The neutron star collisions were proposed for explanation of the short
gamma-ray burst phenomenon [49, 50]. Some general implications of
FRBs — gamma-ray bursts relations were considered in [51]. The solitary

collision of two neutron stars is accompanied by the release of energy

~10°! - 1052 erg. Probably, some part of gamma-ray bursts is generated
in the central stellar clusters of the distant galactic nuclei [38]. It is
necessary to explain why the event FRB 121102 is not associated with
the gamma-ray bursts. Possibly, it is connected with conditions of

gamma-rays collimation in the narrow spatial angle, Q, <1. It may be

that in the direction to the Earth the required jets for gamma-ray bursts
were absent, because the probability of registration is diminished in

relation Q, / 4n. The recurrent gamma-ray burst may be related with

the multiple collisions of neutron stars in the central stellar clusters in
the galactic nuclei [38, 52]. During the neutron star collisions, it is
released a lot of gas, which may be supplied for accretion to the central
supermassive black hole in the galactic nucleus. In turn, the energy
release in accretion is accompanied by the generation of electromagnetic
radiation in the wide range of frequencies. At the same time, the multiple
neutron star collisions are the natural physical source for the generation

of spherical shocks with sustained energy injection [53].
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It was supposed also, that neutron stars collisions is accompanied by
the generation of relativistic fireballs, which may be gravitationally
lensed on the central supermassive black hole, resulting in formation of
additional peaks in the gamma-ray radiation [54]. The characteristic
feature of this gravitational lensing is the achromatic flashes of radiation
in the different bands of electromagnetic spectrum. Also, the additional
peaks in the radiation spectrum arise due to lensing on the stellar mass

black holes in the process known as “mesolensing” [55].

If the central cluster is surrounded by the gas cloud, then the
multiple fireballs are digging out the quasi-stationary rarefied central
cavern in the ambient gas. In result, the powerful hidden source of high-

energy neutrino may be formed [39, 40].

The possibility of gravitational wave generation from the coalescence
of neutron stars and stellar mass black holes was formulated in the work
[43]. Gravitational wave astronomy entered recently into the stage of real
events observations. Therefore, the model under consideration could be
examined in the near future then the sensitivity of observations reach
the level of solar-mass compact objects collisions. The conditions in the
star cluster are convenient also for the formation of black holes with

mass ~ 30M, responsible for the generation of the observed

gravitational wave signal by the LIGO detector [37].
5. Conclusion

The formation of the dense cluster of neutron stars is almost
inevitable consequence of the dynamical evolution of the central stellar
cluster in the galactic nucleus. For this reason, the multiple neutron star
collisions in the galactic nuclei are the very prominent source of the
observed FRBs like the recurrent FRB 121102. The multiple events up to
several per day could arise from the frequent neutron stars collisions in

the clusters.
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The collision of even two neutron stars leads to the formation of close
pair with elongated orbit. The orbit shrinks due to the gravitational
waves radiation, and the neutron stars approach with one another
several times before the final merge. At each approach the
magnetospheres of neutron stars overlap and interact. This interactions
can lead to the multiple FRBs at the time-scale of minutes during several
orbital cycles before the merger [31], similar to that was observed in [25].
Therefore, this model predicts the cluster structure of the bursts arrival
times for some sources in the form of several pulses per burst. The pulses
could be produced either when two neutron stars approach each other at
the periastron of highly elongated orbits, or when they finally collide.
These are actually two different ways of producing FRBs, and they
should be somehow different observationally. Multiple FRBs produced in
the former case should be weaker, and will not be associated with strong
gravitational wave burst. But final FRB produced in the later case might
be much stronger, and should be accompanied by a gravitational wave

burst.

The potentially intriguing observational signature of the recurrent
neutron star collisions is the registration of the corresponding
gravitational wave bursts by the laser interferometers LIGO/VIRGO [19]
or by the next generation of gravitational wave detectors [20, 21, 56].

Acknowledgements

The authors thank the anonymous reviewer for helpful and
constructive comments. This work was supported in part by the Research
Program OFN-17 of the Division of Physical Sciences of the Russian

Academy of Sciences.

References

[1] D.R. Lorimer et al., Science 318 (2007), 777.

[2] E.F. Keane et al., MNRAS 425 (2012), L.71.

[3] D. Thornton et al., Science 341 (2013), 53.

[4] L. G. Spitler et al., Astrophys. J. 790 (2014), 101.

[6] S. Burke-Spolaor and K. W. Bannister, Astrophys. J. 792 (2014), 19.



20

(32]

(33]
(34]

V. 1. DOKUCHAEV and YU. N. EROSHENKO

E. Petroff et al., MNRAS 447 (2015), 246.

V. Ravi, R. M. Shannon and A. Jameson, Astrophys. J. 799 (2015), L5.
A. Rane et al., MNRAS 455 (2016), 2207.

S. B. Popov and K. A. Postnov, arXiv: 1307.4924 [astro-ph. HE].

K. Masui et al., Nature 528 (2015), 523.

M. Lyutikov, L. Burzawa and S. B. Popov, MNRAS 462 (2016), 941; arXiv:
1603.02891 [astro-ph.HE].

H. Falcke and L. Rezzolla, Astron. Astrophys. 562 (2014), A137; arXiv:1307.1409
[astro-ph.HE].

A. E. Egorov and K. A. Postnov, Astronomy Letters 35 (2009), 241; arXiv:0810.2219
[astro-ph].

J. J. Geng and Y. F. Huang, Astrophys. J. 809 (2015), 24; arXiv:1502.05171 [astro-
ph.HE].

A. Iwazaki, Phys. Rev. D 91 (2015), 023008; arXiv:1410.4323 [hep-ph].

A. Iwazaki, arXiv: 1412.7825 [hep-ph].

I. I. Tkachev, JETP Lett. 101 (2015), 1; arXiv:1411.3900 [astro-ph. HE].

T. Tomonori, Pub. Astron. Soc. Jpn. 65 (2013), L12; arXiv:1307.4985 [astro-ph.HE].

T. Callister, J. Kanner and A. Weinstein, Astrophys. J. Lett. 825 (2016), L12;
arXiv:1603.08867 [astro-ph.HE].

Z. G. Dai, J. S. Wang and X. F. Wu, arXiv:1611.09517 [astro-ph. HE].

J.-S. Wang, Astrophys. J. Lett. 822 (2016), L.7; arXiv:1603.02014 [astro-ph.HE].
T. Liu et al., Astrophys. J. 826 (2016), 82; arXiv:1602.06907 [astro-ph. HE].

M. Lingam and A. Loeb, arXiv:1701.01109 [astro-ph.HE].

L. G. Spitler et al., Nature 531 (2016), 202; arXiv:1603.00581 [astro-ph. HE].

P. Scholz et al., Astrophys. J. 833 (2016), 177; arXiv:1603.08880 [astro-ph.HE].
P. Shriharsh et al., arXiv:1701.01100 [astro-ph.HE].

B. Marcote, arXiv:1701.01099 [astro-ph.HE].

S. Chatterjee, arXiv:1701.01098 [astro-ph.HE].

Z. G. Dai et al., Astrophys. J. 829 (2016), 7; arXiv:1603.08207 [astro-ph. HE].
W.-M. Gu et al., Astrophys. J. Lett. 823 (2016), L28; arXiv:1604.05336 [astro-ph.HE].

V. M. Lipunov and I. E. Panchenko, Astronomy and Astrophysics 312 (1996), 937,
arXiv:astro-ph/9608155.

M. S. Pshirkov and K. A. Postnov, Astrophys. and Space Science 330 (2010), 13;
arXiv:1004.5115 [astro-ph.HE].

M. Lyutikov, Astrophys. J. 768 (2013), 63; arXiv:1202.6026 [astro-ph. HE].
S. A. Colgate, Astrophys. J. 150 (1967), 163.



(35]
(36]
(37]

(38]
(39]
(40]
[41]

RECURRENT FAST RADIO BURSTS FROM ... 21

R. H. Sanders, Astrophys. J. 162 (1970), 791.
G. D. Quinlan and S. L. Shapiro, Astrophys. J. 356 (1990), 483.

B. P. Abbott et al., The Astrophys. J. Letters 818 (2016), L22; arXiv:1602.03846
[astro-ph.HE].

V. I. Dokuchaev, Yu. N. Eroshenko and L. M. Ozernoy, Astrophys. J. 502 (1998), 192.
V. S. Berezinsky and V. I. Dokuchaev, Astropart. Phys. 15 (2001), 87.
V. S. Berezinsky and V. 1. Dokuchaev, Astron. Astrophys. 454 (2006), 401.

V. 1. Dokuchaev and Yu. N. Eroshenko, Grav. Cosmol. 18 (2012), 232;
arXiv:1104.3290 [astro-ph.HE].

L. Ferrarese et al., Astrophys. J. 644 (2006), L21.

G. D. Quinlan and S. L. Shapiro, Astrophys. J. 321 (1987), 199.

V. I. Dokuchaev, Usp. Fiz. Nauk 161 (1991), 1 [Sov. Phys. Usp. 34 (1991), 447].
Ya. B. Zel'dovich and M. A. Podurets, SvA 9 (1965), 742.

S. L. Shapiro and S. A. Teukolsky, Astrophys. J. 307 (1986), 575.

L. Li et al., Research in Astronomy and Astrophysics 17 (2017), 6; arXiv:1602.06099
[astro-ph.HE].

A. J. Levan et al., Science 333 (2011), 199.

S. I. Blinnikov, I. D. Novikov, T. V. Perevodchikova and A. G. Polnarev, SvA Lett. 10
(1984), 177.

B. Paczynski, Astrophys. J. 308 (1986), 1.43.

K. Murase, P. Meszaros and D. B. Fox, Astrophys. J. Lett. 836 (2017), L6;
arXiv:1611.03848 [astro-ph.HE].

V. I. Dokuchaev, Yu. N. Eroshenko and L. M. Ozernoy, BAAS 29 (1997), 848.

V. I. Dokuchaev, Astron. Astrophys. 395 (2002), 1023.

E. Babichev and V. I. Dokuchaev, Phys. Lett. A 265 (2000), 168.

Yu. V. Baryshev and Yu. L. Ezova, Astronomy Reports 41 (1997), 436.

B. P. Abbott et al., Phys. Rev. D 93 (2016), 122008; arXiv:1605.01707 [astro-ph.HE].
|



